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We suggest a new pump-probe method for studying semiconductor spin dynamics based on pump-
ing of carrier spins by a pulse of oscillating radiofrequency (rf) magnetic field and probing by mea-
suring the Faraday rotation of a short laser pulse. We demonstrate this technique on n-GaAs and
observe the onset and decay of coherent spin precession during and after the course of rf pulse excita-
tion. We show that the rf field resonantly addresses the electron spins with Larmor frequencies close
to that of the rf field. This opens the opportunity to determine the homogeneous spin coherence
time T2, that is inaccessible directly in standard all-optical pump-probe experiments.
Introduction. When a magnetic field B is applied to
an ensemble of electron spins, they all precess with the
Larmor frequency ωL = gµBB/~, where g is the electron
g factor, µB is the Bohr magneton, and ~ is the Planck
constant. This ensemble precession is hardly detectable
since the relative phases of the spins are random so that
macroscopic spin polarization averages to zero. However,
we can induce a common phase by applying a weak ra-
diofrequency (rf) magnetic field oscillating with a fre-
quency ω close to ωL. In analogy with a driven harmonic
oscillator, the electron spins after some time will resume
the frequency and phase of the rf field. As a result the
in-phase spin precession motions form a macroscopic spin
polarization that can be detected optically by measuring
the Faraday/Kerr rotation of the linear polarization of a
laser pulse which arrival time is synchronized with the rf
field oscillation. By applying an rf field of finite duration
and scanning the relative delay of the optical probe it is
possible to measure the coherent electron spin dynamics.
The method of rf spin pumping and optical probing,
developed in this work, is inspired by the similar all-
optical pump-probe technique [1–3], and in particular by
the extended pump-probe method [4], in which electron
spins are oriented by circularly-polarized laser pulses. By
contrast, the rf pump directly addresses the resident elec-
tron spins at their Larmor precession frequencies, which
is likely advantageous compared to optical pumping at
the much higher frequencies of the resonant electron tran-
sitions, unrelated to the spin precession. Furthermore,
optical pumping strongly perturbs the system by pho-
toexciting exciton complexes whose constituents subse-
quently contribute to the spin dynamics. The optical
readout of the developed technique (without rf), on the
other hand, is similar to spin-noise spectroscopy [5–7],
where the noise induced by random spin precessions at
the frequency ωL is detected. However, spin noise spec-
troscopy finally provides the frequency spectrum rather
than the spin dynamics. rf spin-resonant excitation is
used in electron paramagnetic resonance (EPR), partic-
ularly in pulsed EPR, from which one can obtain the rel-
evant spin relaxation times [8–10]. However, EPR lacks
the detection sensitivity of optical techniques and also
addresses the entire sample while optical probing can
provide spatial resolution. Optically detected magnetic
resonance (ODMR) experiments can be performed with
temporal resolution [11, 12]. In these experiments, the
effect of a high-frequency field on the photoluminescence
(PL) of a sample is detected, which requires fast photode-
tectors for resolving the coherent spin precession. The
precession was observed using Raman heterodyne detec-
tion of the magnetic resonance [13, 14], which is hardly
applicable to resident electrons in semiconductors.
In the technique developed here, the spin polarization
is probed directly by Faraday (or Kerr) rotation using
a short laser pulse (for high temporal resolution) leav-
ing the system’s spin state unperturbed, in contrast to
the PL measurement in standard ODMR. Further, the
technique does not suffer from dead-times, during which
the dynamics is inaccessible, and its temporal resolution
is determined by the jitter between the rf and optical
pulses which can be better than 25 ps.
In this paper we demonstrate the principle of a spin
resonant pump-probe method by measuring the electron
spin dynamics in bulk n-GaAs. The results are well-
described by a model based on the Bloch equations [15,
16]. We show that rf excitation addresses the electron
spins resonantly within a 1/T2 frequency interval around
the Larmor frequency allowing direct measurement of the
spin coherence time T2 and advanced spin manipulation.
Experimental details. The experiment is performed on
a Si-doped GaAs sample with electron concentration of
1.4 × 1016 cm−3 (350-µm-thick bulk wafer) slightly ex-
ceeding the metal-insulator transition. The sample is
placed in the variable temperature (T = 1.6 − 300 K)
insert of a cryostat with a split-coil superconducting mag-
net, or in cryostat with permanent magnet placed outside
on a controllable distance. A constant magnetic field B is
applied perpendicular to the light propagation direction
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FIG. 1. (a) Scheme of experiment. The electron spins in
the sample, precessing around the magnetic field B, are ori-
ented by rf field pulses generated by the function generator
and applied via the coil. The spin polarization is probed by
the Faraday rotation of the linear polarization of the optical
pulses picked from the train of laser pulses. The dynamics
of spin precession is scanned by changing the delay between
the synchronized rf and optical pulses. (b) Temporal profile
of the rf field pulse applied to the sample. The repetition
period of the rf pulses is 8.4 µs. (c) Dynamics of the electron
spin polarization measured via probing the Faraday rotation
during the course of rf pulse application. The dashed lines
show calculated rising and decaying envelopes of the signal.
(d) Measured dynamics of the electron spin polarization in an
all-optical extended pump-probe Faraday rotation experiment
(the pump pulse arrives at 0.6 µs).
and to the sample normal (Voigt geometry).
The experimental scheme is presented in Fig. 1(a). The
rf magnetic field with an amplitude of 0.01 − 0.8 mT is
applied along the sample normal using a small (. 1 mm-
inner and ∼ 3 mm-outer diameter) coil near the sam-
ple surface. The current through the coil is driven by
a function generator, which creates voltage pulses of si-
nusoidal form with a duration of 600 ns (unless stated
otherwise). The oscillation frequency within each pulse
is f = 25 MHz (unless stated otherwise), which has to be
compared to the Larmor precession frequency of the elec-
tron spins. The rf field pulse created by the coil acts as
pump pulse. For probing we use 2-ps-long optical pulses
generated by a Ti:Sapphire laser. The laser emits a train
of pulses with a repetition rate of 76 MHz (repetition
period TR = 13.1 ns), which is reduced to 238 kHz (rep-
etition period 320TR = 4.2 µs) by selecting single pulses
with an acousto-optical pulse picker synchronized with
the laser. The arrival of the rf pulses is synchronized
with the laser pulses (a signal of the pulse picker trig-
gers the function generator) and the repetition period of
the rf pulses is twice longer than that of the laser pulses.
The latter is required for synchronous detection at the
repetition frequency of the rf pulses of 119 kHz. The de-
lay between the pump rf pulse and the probe laser pulse
is changed electronically by the function generator. The
probe laser pulses are linearly polarized and the Faraday
rotation of their polarization after transmission through
the sample is analyzed using a Wollaston prism, splitting
the probe into two orthogonally polarized beams which
are registered by a balanced photodetector. The laser
wavelength is set to 825-830 nm.
Experimental results. To examine the technique we
apply rf pulses of 15 sinusoidal oscillations with a fre-
quency f = 25 MHz [Fig. 1(b)] to the GaAs sample. A
constant magnetic field B = 4.2 mT is applied in the
Voigt geometry, so that the electron spin Larmor pre-
cession frequency is resonant with that of the rf field,
|g|µBB/2pi~ = f . Figure 1(c) shows the dynamics of the
spin polarization measured as the Faraday rotation of the
probe pulse polarization. The spin polarization oscillates
at the frequency f with an increasing amplitude due to
driving by the rf field. When the rf field is switched off,
the spin polarization decays with a characteristic time
T2 ≈ 300 ns. This decay is similar to the spin dynamics
measured by the extended all-optical pump-probe Fara-
day rotation method, using the same experimental con-
ditions [Fig. 1(d)] [4]. Interestingly, the increase in the
spin precession amplitude with time is determined by T2
following the equation: 1−exp(−t/T2). We show experi-
mentally and theoretically (see below) that the efficiency
of rf spin pumping is determined by frequency and am-
plitude of the rf field and by the sample temperature.
First, we examine a deviation of the Larmor frequency
ωL = |g|µBB/~ from resonance with the rf field frequency
ω = 2pif . In these experiments ωL is changed via the
magnetic field, while ω is kept constant. Figure 2(a)
shows the dynamics for ωL < ω, ωL = ω, and ωL > ω.
One can see that when ωL is tuned out of resonance, the
spin polarization decreases in amplitude and the shape
of the dynamics changes. The dependence of the spin
precession amplitude just after the rf pulse on the Larmor
precession frequency is shown in Fig. 2(b). It shows a
sharp resonance at ω = ωL with the half width at half
maximum determined by the decoherence rate 1/T2.
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FIG. 2. (a) Temporal profile of the rf field applied to the
n-GaAs sample within one pulse and corresponding dynam-
ics of the electron spin polarization (blue lines) for Larmor
precession frequencies (controlled by the applied constant
magnetic field) varied slightly relative to the rf frequency
f = ω/2pi = 25 MHz. (b),(c),(d) Spin precession amplitude
just after the end of the rf pulse as function of the Larmor
frequency (magnetic field) (b), of the amplitude of the rf field
(c) and of the temperature for f = 25 MHz (d). Inset in
the panel (c) shows spin dynamics driven by the rf field with
high amplitude (0.7 mT), long duration (1.2 µs) and resonant
frequency of 25 MHz. The red lines in all figures show the
results of calculations (see text).
In Fig. 2(c) we plot the dependence of the spin preces-
sion amplitude on the rf field amplitude in the resonant
case ω = ωL for two different frequencies. The ampli-
tude of the rf field b is controlled by the amplitude of
the voltage U applied to the rf coil and calculated us-
ing the formula b = U/2pi2fNr2, where N is the num-
ber of windings and r is the effective radius of the coil.
Note, for higher f the maximal rf amplitude that can be
achieved is smaller. We take N = 30 and r = 0.9 mm.
The dependence in Fig. 2(c) is linear at low b and for
higher b evidences Rabi oscillations [17] with the period
of ∆b = 4pi~/|g|µBT , where T = 0.6 µs is the duration
of the rf pulse. The nonmonotonic behavior of spin po-
larization related to the Rabi oscillations is also observed
in time domain when spin precession is driven by long rf
pulse with high amplitude [inset in Fig. 2(c)]. Note, all
data, except those in Fig. 2(c), are taken for b≪ ∆b.
When the two-level spins system (spin parallel and an-
tiparallel to the magnetic field B) is driven by the elec-
tromagnetic field with a frequency corresponding to the
level splitting, the response of the system is proportional
to the difference of the thermal populations of the levels.
Thus, the constant magnetic field (and, correspondingly,
the resonance rf frequency) leading to the Zeeman split-
ting and the temperature T determine the maximal spin
precession amplitude that can be reached with rf pump-
ing. Figure 2(c) shows that for increased frequency from
25 to 50 MHz (and magnetic field from 4.2 to 8.4 mT)
the precession amplitude is also increased twice. We also
study the dependence of the spin precession amplitude
on temperature for ω = ωL [Fig. 2(d)]. As it will be
shown below [see Eq. (5)], for ωL = ω the precession am-
plitude is proportional to T2 which is also temperature-
dependent changing from 300 to 130 ns when T is in-
creased from 1.6 to 23 K. Thus, in Fig. 2(d) we normal-
ize the precession amplitude to the measured T2. The
obtained temperature dependence is rather weak which
is related to the degeneracy of the electron gas.
Model. The behavior of the total spin polarization S
in a time-dependent magnetic field is described by the
Bloch equation [15, 16]:
dS
dt
= −
gµB
~
S×Btot − γˆ(S− Sst), (1)
where Btot = B + b(t) is the total magnetic field, B is
its constant component and b(t) is the time-dependent
component induced by the rf coil, Sst is the stationary
spin polarization in the field Btot that is given by the
thermal distribution, and γˆ is the relaxation matrix. In
the considered experimental configuration [Fig. 1(a)]
Btot =

 B0
b sin(ωt)

 , (2)
b≪ B. This corresponds to
γˆ =

1/T1 0 00 1/T2 0
0 0 1/T2

 ,
Sst =

Sst(B, T, n0)0
0

 , (3)
where T1 and T2 are the longitudinal and transverse spin
relaxation times, respectively, Sst(B, T, n0) is the func-
tion giving the total equilibrium spin polarization along
the constant field B, which depends on the electron con-
centration n0 and temperature T :
Sst(B, T, n0) =
1
n0
∫ ∫
SxdSxdΓ×
[
exp
(
E(k) + gµBBSx − µ
kBT
)
+ 1
]
−1
≈ −
gµBB
12n0
∂n(µ, T )
∂µ
|µ=µ0 . (4)
4Here the second integration dΓ is done over the phase
space, µ is the chemical potential (in the limit of T = 0 it
is identical to the Fermi energy), n(µ0, T ) = n0, we take
into account that |g|µBB ≪ µ, and kB is the Boltzmann
constant.
The results of the Sz calculations for the parameters
used in the experiments and for T1 = T2 = 300 ns are
shown in Fig. 2(a) by the red lines. They accurately
reproduce the experimental spin dynamics. The calcu-
lated dependence of the spin precession amplitude on
the Larmor precession frequency is shown in Fig. 2(b).
The ripples appearing on this dependence originate from
the relatively short rf pulse with the local maxima cor-
responding to integer numbers of Larmor precession pe-
riods within the rf pulse width. For longer rf pulses the
calculated dependence is similar, but smooth. For the rf
pulse being much longer than T2 and for a low rf field
amplitude, |g|µBb/~ ≪ 1/T1, 1/T2, it follows from the
Bloch equations that the spin precession amplitude can
be approximated by the following analytical expression:
S(a)z ≈
|g|µBb
~
ωL
Sst√
(ω2L + 1/T
2
2 − ω
2)2 + 4ω2/T 22
. (5)
It, in particular, shows that the spin precession amplitude
is proportional to Sst given by Eq. (4), which determines
the temperature dependence of S
(a)
z .
The model numerical calculations also reproduce the
experimental dependencies of the spin precession ampli-
tude on the amplitude of the rf field [Fig. 2(c)] and on
the temperature [Fig. 2(d)]. We note that in the consid-
ered experimental geometry the decay of the dynamics is
determined by T2, while the contrast of the Rabi oscil-
lations, which are related to the rf-driven spin transition
between the Zeeman-split levels, is determined mainly by
the corresponding relaxation time T1.
So far we have considered the precession of a single spin
or a homogeneous ensemble of spins with small spread
of Larmor precession frequencies ∆ωL compared to 1/T2
(in fact, this is the case for the studied sample with a
degenerate electron gas). However, typically in semi-
conductor structures ωL is rather inhomogeneous within
the spin ensemble, and the total spin polarization de-
cays with time T ∗2 ≈ 1/∆ωL ≪ T2. On the other hand,
the rf excitation with a pulse duration longer than T2
and with |g|µBb/~≪ 1/T1, 1/T2 resonantly selects a spin
subensemble with ωL = ω within 1/T2 interval [Eq. (5)],
and in the case of noninteracting spins the rise and the
decay of spin precession are governed by the time T2. In
this case, however, the width of the precession amplitude
frequency dependence [Fig. 2(b)] is determined by the
rate 1/T ∗2 .
Discussion. We have proposed a new spin-resonant
pump-probe method for studying coherent electron spin
dynamics based on pumping with radiofrequency field
and optical probing of the Faraday (or Kerr) rotation.
FIG. 3. System of isolated electron states, each of them char-
acterized by an optical transition frequency and a Larmor
frequency. (a) Optical excitation selects electrons with given
optical frequencies irrespective of the Larmor frequencies re-
sulting in a large spread of precession frequencies and in spin
polarization dephasing with the inhomogeneous time T ∗2 . (b)
rf excitation selects a narrow distribution of Larmor preces-
sion frequencies and after sufficiently long and weak rf pulse
spin polarization decays with homogeneous time T2.
The developed technique is scalable up to GHz-range fre-
quencies, corresponding to the Tesla-range of magnetic
fields. Here the limitation will be the jitter between the
rf and optical pulses which should be smaller than 1/ω.
With up to date generators this jitter can be as small as
25 ps, corresponding to a maximal frequency of 6 GHz
and a magnetic field of 1 T (for n-GaAs). The technique
is simpler to realize than all-optical pump-probe Fara-
day rotation: it is a single-beam technique (only probe)
and does not require a mechanical delay line and a he-
licity modulator for the pump, a precise adjustment of
the pump and probe beam coincidence on the sample.
Furthermore, in the all-optical pump-probe Faraday ro-
tation scheme, the pump addresses optical transitions
with a given optical frequency orienting spins irrespec-
tive of their Larmor frequencies whose distribution has
a width 1/T ∗2 [Fig. 3(a)]. So the spin polarization de-
cays with time T ∗2 . In the developed technique, the rf
pump directly addresses the electron spins whose Lar-
mor frequencies are close to the rf frequency within the
1/T2 interval (for a rf pulse width longer than T2 and
for a not too large rf amplitude), where the spin coher-
ence time T2 corresponds to that of an individual spin
rather than to the spin ensemble [Fig. 3(b)]. As a result,
the spin polarization decays with time T2. In the stud-
5ied n-GaAs sample the electron density exceeds the the
metal-insulator transition and the majority of the elec-
trons is free. Therefore, the individual spin properties
are shared over the spin ensemble due to spin exchange
averaging [18, 19], washing out the inhomogeneity and
leading to T2 ≈ T
∗
2 . However, in inhomogeneous systems
with strongly localized electrons such as n-GaAs with
a low donor concentration or quantum dots, T2 ≫ T
∗
2
[20] and the developed technique provides a simple way
of measuring T2, while all-optical pump-probe methods
give access to the ensemble-related, much shorter inho-
mogeneous spin dephasing time T ∗2 .
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